Stone columns, one of the most commonly used soil improvement techniques, have been utilized worldwide to increase bearing capacity and reduce total and diŠerential settlements of structures constructed on soft clay. Stone columns also act as vertical drains, thus speeding up the process of consolidation. However, the settlement of stabilised bed is not reduced in many situations for want of adequate lateral restraint. Encasing the stone column with a geogrid enhances the bearing capacity and reduces the settlement drastically without compromising its eŠect as a drain, unlike a pile. The behavior of the encased stone column stabilized bed is experimentally investigated and analysed numerically. In the numerical analysis, material behaviour is simulated using Soft Soil, Mohr Coulomb and Geogrid models for clay, stone material and encasement respectively and is validated with experimental results. The parametric study carried out on varying the L W D ratio (L＝length of the column; D＝diameter of the column) of column, stiŠness of geogrid and angle of internal friction of stone material gives a better understanding of the physical performance of the encased stone column stabilized clay bed.
INTRODUCTION
Soft clay deposits are geologically very young deposits, widely spread along the coastal plains all over the world. These deposits pose a major problem to geotechnical engineers because of low shear strength and high compressibility. Ground improvement by the stone column technique overcomes these problems by reducing the total settlement under load and by speeding up the process of consolidation. Stone columns derive their axial capacity from the passive earth pressure developed owing to bulging of columns and resistance to lateral deformation under superimposed loads. Stone columns act as drains and accelerate the primary consolidation. However, when used in soft clay, stone columns have certain limitations. The interface layer between the clay and the stone column is a mixed layer of clay and stones, which prevents the eŠective drainage (i.e. clogging of drain). Materials (stone pieces) of stone column get into the surrounding soil due to inadequate lateral conˆnement, particularly at depths closer to the ground. This eŠect is severe in soft clays, thus causing the stabilized bed to settle excessively. To overcome these limitations, stone columns are encased using geosynthetics. In the encased stone column, hoop stresses develop in the encasement, which act as an elastic tube, and provide the necessary restraint to the stone column. Further, encasement prevents intermixing of clay and column material (stone), thus drainage of column is not aŠected.
The theory of load transfer, estimation of ultimate bearing capacity and prediction of settlement of stone column was developed over a period of four decades by numerous researchers (Greenwood, 1970 Mitchell and Huber (1985) have shown that stone columns reduce the settlement signiˆcantly. Lee and Pande (1998) proposed a numerical model to analyze elastic as well as elastoplastic behavior of foundation bed reinforced with stone columns. To understand the mechanism of encased stone column, Deshpande and Vyas (1996) conducted test on encased stone column and demonstrated that the elastic behaviour of encasement induces hoop compression that results in an upward thrust releasing part of column load, and reduces lateral pressure to the surrounding clay. Katti et al. (1993) proposed a theory for improvement of soft ground using stone columns with geosynthetic encasing based on particulate concept. Sivakumar et al. (2004) have conducted two series of triaxial tests on sand columns of 32 mm diameter, with and without geogrid encasing of diŠerent lengths and concluded that the columns longer thanˆve times the diameter do not contribute to the increase in load-carrying capacity. Bauer ), yet the proper understanding of the behaviour of the columns is limited. The scope of this study is to understand the behavior of encased stone columns in soft clay and to bring out the parameters which play dominant role in load sharing and settlement reduction in the encased stone column stabilized bed. With this as objective, laboratory tests were carried out on scaled down models approximately 1 W 20 size of prototype. The encased stone column stabilized models were also analyzed using PLAXIS FEM code. An attempt was made to include non-linear behavior of soil and column material. The results of numerical analyses were compared with the experimental results of this study as well as with the earlier theories and experiments published. An extensive parametric study was carried out to understand the in‰uence of L W D ratio of column, the stiŠness of geogrid and the angle of internal friction of stone material on settlement reduction of the stabilized clay bed.
EXPERIMENTAL INVESTIGATION

Selection of Clay
Clay with high compressibility was required for this study. Therefore, the soil samples were collected from diŠerent locations and tested for their index properties. The soil collected from Tharamani area, near Chennai, which is on the southeast coastline of India is geologically young and is highly compressible (Cc＝0.75). The test for particle size distribution showed that theˆnes are 92z out of which clay fraction alone was 65z. The other properties of the soil are presented in the Table 1 and the soil is classiˆed as CH type. Moreover, stone column technique is in practice to support large storage tanks in this deposit. Therefore, the clayey soil of Tharamani area is considered suitable for the research study.
Properties of Stone Column Material
Stone column of 30 mm diameter was formed using granite stone chips of particle sizes varying from 2 to 6.35 mm. The maximum particle size (6.35 mm) of the stone used is 1 W 5 diameter of the column, which is slightly higher than the recommended guidelines of Nayak (1983) . The stone column material was well graded and found to have q value of 489at a unit weight of 16 kN W m 3 as obtained from the large shear box tests. The initial tangent moduli of the column materials were determined at the unit weight of 16 kNW m 3 under three conˆning pressures and the values are presented in Table 2 along with the angle of shearing resistance. The angle of shearing resistance obtained through triaxial test is 29less than the direct shear test value. This diŠerence is attributed to plane strain condition of direct shear test. However, the diŠerence is marginal (º5z), therefore q value of direct shear test was used in the analysis.
Materials Used for Encasement
Three diŠerent materials were used for encasement, which are (i) Nova curtain (net1), commercially known as mosquito net, (ii) Netlon square mesh (net2) known as the garden net and (iii) Netlon CE121, known as geonet (net3). Cylindrical tubes were stitched using these materials for encasing the stone columns. The connection of the cylindrical tube was made with high strength polyester cord. The properties of the nets (manufacturer's data) and their initial tensile modulus (Es) obtained from the tensile strength tests (ASTM D6637) are presented in Table 3 . Columns encased using net2 and net3 were additionally covered with a thin geotextile to allow drainage without clogging of soil into the aperture and to prevent slipping of stone particles smaller than the aperture opening. The geotextile was arranged in such a way that it would not contribute either to the vertical or lateral stiŠ-ness of the encased stone column.
Preparation of Soft Clay Bed
The air-dried clayey soil was mixed with required quantity of water to achieve a consistency index of 0.1 at a water content of 52z. Initially the soil was thoroughly mixed with the water and kept covered for 48 hours to ensure uniform consistency. After 48 hours of hydration, the soil was mixed and kneaded well and checked for moisture content. Loss of water, if any due to evaporation, was compensated before forming the bed. Care was taken to avoid entrapment of air while preparing the bed. However, each layer of clay was tapped gently using a wooden plank to remove entrapped air, if present.
Formation of Stone Column
The centre of the cylindrical tank was properly marked, a casing of required diameter was placed, and then clay bed was formed in layers around the casing. The stones were carefully charged into the casing and compacted using 12 mm diameter rod to achieve a density of 16 kN W m 3 . At the end of compaction of each layer, the casing tube is withdrawn to a certain level and stone is charged and compacted. This procedure is repeated until the full length of column is formed.
Formation of Encased Stone Column
For the encased stone column, geogrid W net was stitched into a tube of required diameter as explained earlier and inserted along with the casing. The stones were compacted in the same way as it was done in the case of the stone column.
The bed thus prepared was loaded with a seating pressure of 2.5 kN W m 2 to the entire area of the bed for 24 hours to obtain uniform bed, which also ensured proper contact between clay and encased stone column. The test carried out after 24 hours of preparation of the bed also ensured gain in the strength of disturbed clay.
Experimental Setup for the Load Test
Tests were conducted on a single stone column of diameter 30 mm for various L W D ratios (L＝length of the column; D＝diameter of the column) on a standard loading frame as a stress-controlled test. The loading arrangement is shown in Fig. 1 . The size of the tank was 300 mm in diameter and 300 mm in height, (H). The equivalent diameter of the tributary area for a spacing of 2D in a square pattern is 2.3D ( §1.13 times spacing). So the stabilized clay bed is loaded through a steel rigid circular plate of diameter 2.3D. The lateral dimension of the tank was chosen to be such that the minimum free distance between the periphery of the column and the side of the tank does not interface with the failure wedge. Meyerhof and Sastry (1978) established that the failure zone extends over a radial distance of about 1.5 times the diameter from the periphery of column. Load tests were conducted on clay beds stabilized with stone column and encased stone column independently by loading the plate in 8 to 15 equal load increments. The cumulative equal increments of load thus applied were maintained constant for a period of one hour. During this one-hour period, settlements were recorded at an interval of 10 minutes using two sensitive dial gauges resting at diametrically opposite ends of the plate.
MODELS USED FOR NUMERICAL STUDY
Numerical analyses of the model tests were accomplished by the PLAXISˆnite element software. Elastoplastic behaviour of stone-column is modeled by Mohr-Coulomb yield criterion employing a non-associated ‰ow rule. The non-associated ‰ow rule in this case has a signiˆcant meaning in the sense that the dilation of the stone-column on shearing can be represented by adjusting the dilatancy angle.
The non-linear behaviour of clay is represented by the modiˆed critical state model, the Soft soil model. The Soft soil model is extensively described in Vermeer and Brinkgreve (1998), which is similar to the modiˆed Cam clay model, without softening behaviour. The Soft Soil model is meant for primary compression of near normally-consolidated clay-type soils. Some features of the Soft-Soil model are: Stress dependent stiŠness (logarithmic compression behaviour). Distinction between primary loading and unloadingreloading. Memory for pre-consolidation stress. Failure behaviour according to the Mohr-Coulomb criterion. Soft Soil model requires the following material constants: modiˆed compression index, l*, modiˆed swelling index, k*, cohesion, c?, friction angle, q, dilatancy angle, c, poison's ratio and k0, coe‹cient of lateral stress in normal consolidation. The diŠerence of this model from the Modiˆed Cam clay model is that it is a function of volumetric strain instead of void ratio. The parameter l* is the modiˆed compression index, which determines the compressibility of the material in primary loading given by Eq. (1). It is assumed that there is a logarithmic relation between the volumetric strain, en, and the mean eŠec-tive stress, p?, which can be formulated as:
en 0 is the initial volumetric strain corresponding to the initial stress p 0 . The parameter k* is the modiˆed swelling index, which determines the compressibility of the material in unloading and subsequent reloading. Note that k* diŠers from the index k as used by Burland (1965) in Modiˆed Cam clay model. The ratio l * W k * is, however, equal to Burland's ratio ål W k. The parameters 
The factor 2.3 is obtained from the ratio between the logarithm of base 10 and the natural logarithm. The ratio l* W k* (＝ ål W k) ranges, in general, between 3 and 7. The elastic behaviour is described by Hooke's law and it relates linear stress dependency on the tangent bulk modulus as in Eq. (3).
The su‹x`ur' stands for unloading reloading. Neither the elastic bulk modulus, Kur, nor the elastic Young's modulus, Eur, is used as an input parameter. Instead, nur and k* are used as input constants for the part of the model that computes the elastic strains. The poisson's ratio used is the well known pure elastic constant rather than a pseudo-elasticity constant as used in the Mohr Coulomb model. It is also possible to specify undrained behaviour in an eŠective stress analysis using eŠective model parameters. The presence of pore pressures in a soil body, usually caused by water, contributes to the total stress level. According to Terzaghi's principle, total stresses s can be divided into eŠective stresses s? and pore water pressures sw, given by sxx＝s? xx ＋s w; syy＝s? yy ＋s w. However, water is supposed not to sustain any shear stress, and therefore the eŠective shear stresses are equal to the total shear stresses (sxy＝s? xy). Cohesion and angle of internal friction are the eŠective stress parameters obtained from the drained triaxial test. The permeability, k is calculated from the cv obtained from the consolidation test. Application of these two material models were veriˆed with the published results of Lee and Pande (1998) wherein Cam clay and Mohr Coulomb models were used to analyze the stone column stabilized clay bed. The result of numerical study compares reasonably well with both the experimental and the numerical results of Lee and Pande (Fig. 2) . Therefore, these two models were adopted for further analysis.
The properties of the clay and stone are presented in Table 4 . These properties of stone material and clay were determined through triaxial tests conducted on specimens in the laboratory as per ASTM D4767. When the stone material alone was tested at low conˆning pressures and the volume change was measured through drained triaxial tests on stone specimens of 75 mm diameter, the dilatancy was observed to be 269 . However, the dilatancy of the stone material was found to be only 49when it was packed within the geogrid encasing. The initial tangent modulus obtained from triaxial test on the encased stone column was used for the stone material within the encasement to incorporate the initial conˆnement eŠect oŠered by the geogrid encasement.
The geogrid was modeled as linear elastic continuum element whose axial stiŠness was taken as the initial tangent modulus, obtained from the tension test. The initial tensile modulus, (EA) of the geogrids (ratio of the axial force per unit width and the axial strain) obtained from the tension tests on net1, net2 and net3 (Table 3) were incorporated in the model. Axisymmetricˆnite element analysis was carried out since studies were on single column stabilized bed under symmetric load. A typical nite element idealization of the laboratory model is shown in Fig. 3 (a) wherein numbers (0-6) indicate the sequence followed in creating geometric boundaries. In PLAXISˆnite element code, mesh generation is automatic with 6 or 15 noded triangular elements ( Fig. 3(b) ). Fifteen noded triangular elements were chosen for meshing. The nodes at the vertical boundaries were not allowed to displace horizontally but allowed to undergo vertical displacement whereas for the nodes at the bottom surface, both horizontal and vertical displacements were arrested.
RESULTS AND DISCUSSION
Load-Settlement Response of Clay and Stone Column Stabilised Beds In Fig. 4 , the load-settlement behavior of soft clay bed (c) and stone column stabilized bed (sc) are compared. The settlement of clay bed increases with increase in load and shows a continuous deformation (settlement) at a more or less constant load (pressure). This response typies the behaviour of highly compressible clay. The loadsettlement response of stone column stabilized bed also shows similar trend but for a given load, the settlement is less and is decreased with increase in column length. The settlement is lesser for end bearing column than ‰oating columns (f) for a given consistency and thickness of clay bed. Further, the rate of increase of settlement decreases with column length. Thus, the load carrying capacity and stiŠness of clay bed are improved due to stone column stabilization and the length of column plays a signiˆcant role in settlement reduction. For an applied pressure, the settlement observed is less when the stone column length is increased. The higher the L W D ratio is, the lesser the settlement.
The load-settlement curves obtained through FEM analyses show almost similar trend as observed in experiments and are compared in Fig. 4 . In case of virgin clay, the load-settlement behaviour is obtained using Soft soil model, which compares well with the experimental curve. The load-settlement response for stone column stabilized beds (both ‰oating and end bearing) using Soft soil and Mohr coulomb models for clay and stone column respectively are compared with the corresponding experimental curves. The comparison is extremely good for ‰oating stone columns and for the end bearing columns, the diŠerence in load is around 5z for a given settlement. The loads for 10 mm settlement are presented in Table 5 . Experimental results are found to agree very well with the FEM results. The increase in carrying capacity is of the order of 2.2, 1.5 and 1.2 times that of the untreated bed for columns with L W D ratio 10, 7.5 and 5 respectively.
Behavior of Conventional Stone Column
The deformed shape of the stone column stabilized bed shows considerable bulging as shown in Fig. 5 . The bulging was observed both from the numerical and experimental investigations. From numerical studies, it was found to extend from the column head to a depth varying between 2.5 and 6 times the column diameter. The radial deformation, x (expansion of outer face of the column in the radial direction due to load on the column), in other words bulging, increased gradually with the pressure as shown in Fig. 6 and the bulging was maximum at a depth of 1.75D from the top. It was observed to be 6.7 mm (i.e. 0.22D) for a vertical pressure of 60 kN W m 2 . The bulging of stone column was also measured by exhuming the stone column, which was grouted at the end of the test. Maximum bulging was seen at 1.5D depth of the column, and compared well with the numerical analysis. Greenwood (1970) postulated that the stone column resists the vertical load by the passive resistance oŠered by the surrounding soil to the bulging of column and that the depth of bulge is around 2 times the pile diameter. However, Hughes and Withers (1974) , showed that the critical length is 4 times the pile diameter, in case of bulging failure. Thus, observations made in this study agree well with theˆndings of earlier investigators. 
Load-Settlement Response of Clay Bed Stabilized with Encased Stone Column
The load-settlement responses of stone columns encased with three diŠerent nets (net1, net2 and net3) for diŠerent L W D ratios are presented in Fig. 7(a) , 7(b) and 7(c). In all these cases, the shape of load-settlement curve is almost similar to clay bed stabilized with stone column. These curves show higher resistance against the load and the rate of increase of settlement is less while comparing with stone column stabilized bed.
In Fig. 7(a) , the eŠect of stiŠness of reinforcement is compared with stone column for a ‰oating column arrangement (L W D＝5). As stated earlier the characteristic behaviour of stabilized bed is not aŠected but the bed stiŠ-ness is increased with the stiŠness of the encasing material and overall load carrying capacity is also increased. The eŠect of length of column on the load resistance is compared in Fig. 7(b) for the columns stabilized with net3. The bearing pressure increases as the length increases, but the improvement is not signiˆcant when the columns are ‰oating (f). The improvement is signiˆcant when the columns are end bearing.
The load settlement response of end bearing columns (L W D＝10) is presented in Fig. 7(c) and compared with the response of FEM analysis. For a particular settlement, the load carried by the encased stone column is higher than the stone column. The tensile strength of net1 is very small therefore the load capacity is not signiˆcant. The net3 column oŠered higher resistance than net2 column for a given settlement of the stabilized bed. Table  6 summarises the load for 10 mm settlement for the beds stabilized with encased stone column. The bearing pres- for net1, net2 and net3 encased end bearing columns respectively. The increase in carrying capacity is of the order of 1.1, 1.6 and 2.0 times that of the stone column stabilized bed. The end bearing columns performed better than the ‰oating columns. In all the cases, the increase in capacity is more than two times the capacity of respective ‰oating columns with L W D＝5. In all the cases, it was found that the load capacity of the stabilized bed increases in proportion to the increase in the stiŠness of geogrid material.
The load-settlement response of encased stone column stabilized beds is obtained using FEM, wherein encasement (geogrid) is modeled as linear elastic material. The FEM curves showed almost similar response as that of the experimental curves (Fig. 7(c) ). Thus the material models viz. Soft soil, Mohr coulomb and geogrid model used in this study for clay, stone column and encasement respectively predicted their behaviours reasonably well.
Mechanism of Encased Stone Column
A typical deformed shape of encased stone column stabilized bed, from theˆnite element analysis is shown in Fig. 8 . When the encased stone column is subjected to vertical load, the column material tends to dilate and induces lateral pressure. If the resistance oŠered by the surrounding soil is not su‹cient to restrain bulging especially in soft soil, the column may fail due to excessive bulging, in which case the lateral conˆning eŠect is oŠered by the encasing material.
Stone material dilates and lateral strain in the stone column induces hoop tension in the encasement, which results in radial compression in stone column. The hoop tension developed depends on the stiŠness of geogrid and it oŠers a passive resistance to the stone column, which is otherwise oŠered by the surrounding soil. The lateral pressure thus developed results in an upward thrust (Deshpande and Vyas, 1996) .
The stress transferred to the stone thus increases, which in turn reduces the load on the clay. Despite the increase in stress in the column, bulging of stone column was reduced signiˆcantly. The settlement of stabilized bed was much less for the same magnitude of pressure. For a pressure of 60 kN W m 2 , the maximum horizontal deformation or maximum bulging was found to be 0.73 mm, 0.24 mm and 0.17 mm in net1, net2 and net3 respectively as against 6.7 mm in the conventional stone column. The hoop forces mobilized in the geogrid reduced the bulging. The mobilization of hoop forces in the geogrid increases with applied load. The stiŠer the geogrid is, the greater the hoop stress is developed. Maximum hoop force is developed at the depth around 1D of the encasement, which is shown in Fig. 9 . For higher pressures, hoop forces are mobilized over the entire length of the encasement. 
Stress Concentration in Columns
Stress concentration ratio is deˆned as the ratio of axial stress experienced by the column to the vertical stress component sustained by the soil for the same applied pressure. Due to the increased stiŠness of the stone column, stress concentration is more on the column than in the surrounding soil. When the stone column is encased, the stress concentration ratio in the stone further increases as shown in Fig. 10 and the magnitude of increase depends on the stiŠness of material used for the encasement. The stress concentration ratio on the stone column is 8.4 for an applied pressure of 20 kN W m 2 and reduced to 3.7 for 60 kN W m 2 . From Fig. 10 , it is observed that the stress concentration ratio increased proportionally with the stiŠness of geogrid encasement. For a pressure of 120 kN W m 2 , the stress concentration ratio of the encased stone column was observed to be 14, 41 and 54 for net1, net2 and net3 respectively which is in proportion to their initial tensile modulus of 15 kN W m 2 W m, 40 kN W m 2 W m and 60 kNW m 2 W m respectively.
PARAMETRIC STUDY
An axisymmetric FEM analysis was carried out on a single column stabilized clay bed to bring out in‰uence of various column parameters. Column of 1 m in diameter and 10 m in length was modeled in a clay bed of 20 m thick. The loads of equal increments were applied over an area with diameter equal to 2.5 times the diameter of stone column and incremented at equal time intervals. Each load increment was 10 kN W m 2 and the time interval was 10 days (Fig. 11) . The maximum load considered was 200 kN W m 2 , which corresponds to load intensity under a circular storage tank of 20 m height.
The parameter chosen for comparison is settlement reduction ratio, which is deˆned as the ratio of the settlement of treated ground to that of the untreated ground under identical surcharges (Aboshi et al., 1979 , Schlosser et al., 1983 , Rao and Ranjan, 1988 . It is the inverse of the settlement ratio deˆned by Poorooshasb and Meyerhof (1997) . The analysis was done for various L W D ratios, angle of internal frictions of the stone material and the stiŠness of geogrids. The in‰uence of these parameters on SRR is elaborately discussed. The properties of the materials used for parametric study are shown in Table 7 . A constrained modulus of 100 MN W m 2 for theˆeld stone material (Priebe, 1976 ) is generally used to predict the settlement of stabilized bed theoretically. However, in this study a smaller value of initial tangent modulus (24 MN W m 2 ) is used because of the very small conˆning eŠect oŠered by soft clay. But in the case of modeling the stone column within the encasement, a higher initial tangent modulus is used to take care of high conˆning eŠect (48 MN W m 2 ). The dilatancy angle of the stone within the encasement is chosen to be half the value (Bauer and Nabil, 1996) of it when used without encasement.
Bulging Behavior
A comparison is made on the behavior of stabilized beds for a load intensity of 60 kN W m 2 . Bulging was observed in the stone column and its magnitude was 0.187 m. When an encasement possessing a stiŠness of 500 kN W m 2 W m was used, bulging reduced to 0.021 m and hoop stress developed was 45.5 kN W m 2 W m.
Settlement and Stress Concentration
The settlement for the pressure of 60 kN W m 2 in clay bed of 20 m thick without stone column was 1.14 m. It reduced to 0.5m in stone column bed and 0.26 m in encased stone column bed. The settlement reduction ratio is 0.42 when stone column was used, and it is as low as 0.22 when geogrid was used. The vertical eŠective stress (mean of the vertical eŠective stress of the elements just below the loaded area) in unstabilized clay bed at the end of 60 days was observed to be 39 kN W m 2 . In the conventional stone column stabilized bed, the stress observed in the stone column was 233 kN W m 2 whereas in clay it was about 12 kN W m 2 . In the encased stone column stabilized bed, the stress on stone column was 369 kN W m 2 and in clay, it was 6 kN W m 2 . Due to the presence of columns, the stress transferred to clay is less. The stress concentration in the conventional and the encased stone columns was 19 and 61 respectively. Increase in stress concentration was three fold in the encased column.
Pore Pressure Distribution Figure 12 shows the distribution of excess pore water pressure due to cumulative surcharge pressure of 60 kN W m 2 after the cumulative loading period of 60 days. For identical loading conditions, it is observed that the pore water pressure is less in an encased stone column bed than in stone column stabilised and unstabilised clay beds. One has to distinguish between the settlement reduction due to the enhanced stiŠness of the composite soil structure and the settlement acceleration due to the functioning of columns as vertical drains (i.e., acceleration of pore water pressure dissipation).
Han and Ye (2001) proposed modiˆed coe‹cients of consolidation to account for the eŠect of stone columnsoil modular ratio as against the classical Barron's theory (1948) , which ignores the eŠect of stiŠness between the drain well and the surrounding soil, on rate of consolidation. Poorooshasb and Meyerhof (1997) have modiˆed the Barron's equation to include the eŠect of stress concentration and computed the performance factor with respect to time. Since the coupled eŠect of deformation and dissipation of pore water is incorporated in PLAXIS FEM code which uses BIOT's (1941) system of diŠeren-tial equations solved by integration over time, the stress concentration eŠect is automatically taken care of in the present analysis. It is observed from Fig. 12 that the pore water pressure distribution is concentrated below foundation in the unstabilized bed, whereas in the encased stone column and in the conventional stone column stabilized bed, the concentration of pore water pressure is distributed to deeper depths and the intensity is far less than unstabilised condition.
L W D ratio on SRR for Stone Column
Variation of SRR for diŠerent pressures is presented in Fig. 13 . When the pressure on the bed is less, SRR is less and around 0.4 for a pressure of 50 kN W m 2 . However, SRR increases with pressure for all the L W D ratios and the SRR is 0.6 for a pressure increase of 200 kN W m 2 . As the L W D ratio increases, SRR reduces. But the increase in the length of column beyond L W D＝7.5 does not contribute to the settlement reduction. However, the rate of reduction in SRR is decreased and reached almost to a constant value for L W D more than 10. Narasimha Rao (2000) has also reported that a slenderness ratio (L W D) of 5 to 10 is ideal and increase in L W D ratio does not contribute to either load carrying capacity or reduction in settlement.
L W D ratio on SRR for Encased Stone Column
A behavior as said above was observed in the encased stone column also. As the L W D ratio increases, SRR reduces, but it is eŠective up to L W D＝7.5 against 10 for the conventional stone column. Further increase in the length of column does not contribute to the settlement reduction. The SRR at diŠerent pressures is presented in Fig. 14 . For an applied pressure of 100 kN W m 2 , SRR varies from 0.65 to 0.55 (Fig. 13) for L W D varying from 5 to 10 in case of a stone column stabilized bed. In the case of Fig. 14) , which means, the settlement is 50z of the conventional stone column bed. q vs. SRR (stone column)
As the angle of internal friction of stone increases, the settlement reduction ratio decreases and is observed to be the same for all load intensities. However, when the applied load is low and column is very loose, e.g. for q＝ 329 , the settlement reduction ratio is almost 1 (Fig. 15) , which implies that a loose material is less stiŠ and does not contribute much to load carrying capacity. As the load intensity increases, the SRR decreases. As indicated in Fig. 16 , SRR is less in the well packed column, (q＝ 469 ) and is almost 0.4 for the pressures between 50 kN W m 2 and 150 kN W m 2 . But for q＝349 , the SRR is 0.8 for the pressure of 50 kN W m 2 and reduces to 0.5 for the pressure of 150 kN W m 2 .
q vs. SRR (encased stone column) Unlike in stone column, SRR is less aŠected in encased column by the angle of internal friction of column material, which can be seen in Fig. 17 . The SRR for diŠerent stone column materials enclosed with geogrids of varying axial stiŠness is plotted in Fig. 18 . The SRR for the column material with lesser angle of internal friction (q＝349 ) is 0.9 in conventional stone column, but is only 0.275 in the case of encased stone column. This proves that the encasement is very eŠective for weak column material. When the stiŠness of geogrid material is high, SRR is small. SRR as small as 0.1 is obtained for the modulus of encasement of 3000 kN W m 2 W m irrespective of angle of shearing resistance of stone material. This indicates that the settlement of soft clay bed can be reduced to 10z by encased stone column stabilization.
In‰uence of stiŠness of geogrid
As the stiŠness of geogrid material (Es) increases, SRR reduces, but beyond a certain value, further increase in 2 W m, the ratio is just 0.17. The trend is the same for higher pressures also, but SRR is less for higher pressures. For the conditions presented, the increase in stiŠness of geogrid beyond certain value is not eŠective in reducing the SRR. Therefore, it can be said that when an appropriate geogrid material is used the SRR value is reduced eŠectively and it will be cost eŠec-tive.
Almost similar trend is observed when the column material has diŠerent angle of internal friction as shown in Fig. 20 . It is seen that higher the q value, the lesser the SRR for a given stiŠness of the geogrid. The angle of shearing resistance of the material is also contributing to some degree in reducing the SRR. Therefore, column material needs good compaction so that higher q value is achieved, which will enhance the e‹ciency of encased stone column in reducing the SRR. The importance of higher value of internal friction in stone column material (adequate compaction of stone column) is further strengthened through the variation of horizontal deformation of column and hoop forces with respect to axial stiŠness of geogrid material (Figs. 20 and 21) . With increase in angle of shearing resistance, the deformation of column is reduced for an axial stiŠness of the geogrid.
But the eŠect of axial stiŠness is highly pronounced than the angle of shearing resistance of stone column material as seen in Fig. 21 . However, the stiŠness of more than 2000 kN W m 2 W m is not eŠective for the conditions of the column analysed in this study. Similarly, the hoop force in the geogrid is less if the angle of shearing resistance in the column is more and the mobilized hoop force is almost constant despite the increase in axial stiŠness. The maximum hoop forces for all theˆeld models were observed to be at about 0.75D from the column top.
CONCLUSIONS
Based on the observation of experimental investigation on model encased stone column stabilized bed and detailed parametric study through FEM analysis following conclusions are drawn.
1. Stone columns improved the load carrying capacity of the stabilized bed. As the length of the stone column increases, there is an increase in the load carrying capacity. Column has shared higher load by the passive resistance against bulging. Bulging is observed eŠectively at the top 4D of the column. 2. Encasing the stone column with geogrids improved the load carrying capacity of the stabilized bed appreciably. The stiŠer the geogrid is the higher is the load carrying capacity.
3. The load-settlement curves obtained fromˆnite element analyses compare well with experimental curves suggesting that material models viz. Soft soil, Mohr Coulomb and geogrid models used in the FEM analyses are eŠective in idealising the behaviour of soft clay, stone column and encasement respectively. 4 . Numerical studies conˆrmed the bulging mechanism of stone column. The bulging of stone column is eŠective up to the depth of 4 times the diameter of the column, which is in conformity with classical theories of Hughes and Withers (1974) and Greenwood (1970) and the present experimental study. 5. The mobilised hoop force in the geogrid material increases with increase in surcharge pressure. Initially, the hoop force is mobilised over the top 1D depth, and as the pressure increases, the hoop force is mobilised over the length of column apart from increase in its magnitude. Further, the hoop stress is always maximum at 1D depth of the column for the parameters analysed in this study. 6. Encasing the stone column increases the stress concentration on the column, thereby reducing the load on clay, consequently reducing the settlement. The parametric study shows that the settlement reduction ratio in the encased stone column bed is about 50z of stone column bed for identical conditions. 7. The stress concentration factor increased with the stiŠness of encasement and is always higher than in conventional stone column irrespective of applied pressure. 8. The parametric study shows that the increase in stiŠness of encasement reduces the settlement, but when the stiŠness is increased beyond 2000 kN W m 2 W m, the contribution to settlement reduction ratio becomes insigniˆcant for the conditions analysed in this study. 9. As the L W D ratio of column increases, settlement reduces and if the L W D ratio is more than about 10, it does not contribute much to settlement reduction. 10. The angle of shearing resistance of column material also aŠects the SRR of encased stone column but not to the extent of stiŠness of encasing material. E‹ciency of encased stone column is higher if the column material is compacted well to achieve high angle of shearing resistance.
